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and 1939, with about 7,000 killed for several years after the war ended [1, 2] . There are currently known to be over 2,000 mass burials throughout Spain, with 357 in the Province of Asturias alone ( Fig. 1) [3] . Many other mass grave locations from this period remain unknown; however, there is currently a will in Spain to locate them and dignify the memories of the victims [4] [5] [6] .
Mass grave detection has been undertaken with success over the world: in 19 th Century Irish mass burials [7] , USA race riot victims [8] , World War Two burials [9, 10] , in post-WW2 Polish repression mass burials [11] , the Northern Ireland 'Troubles' (being mostly isolated burials) [12] , the 1990s
Balkan wars mass burials [13, 14] , in border crossings [15] , and active civil wars with both isolated and mass burials [16] .
A C C E P T E D M A N U S C R I P T
Current forensic search methods to detect both isolated and mass clandestine burials of murder victims are highly varied and have been reviewed elsewhere [18] , with best practice suggesting a phased approach, moving from large-scale remote sensing methods [19] to ground reconnaissance and control studies before full searches are initiated [20] . These full searches have involved a variety of methods, including forensic geomorphology [21] , forensic botany [22] and entomology [23] , scenttrained search dogs [24, 25] , physical probing [26] [27] [28] , thanatochemistry [29] and near-surface geophysics [30] [31] [32] [33] [34] [35] [36] [37] [38] .
The town of Oviedo, in Asturias, Northern Spain, saw early military action in 1936 during the Spanish Civil War. Afterwards, the civil (non-Catholic) part of the town's cemetery was employed as a mass burial area for the defeated. From historical accounts, it was thought that approximately 1,300 victims were executed and buried here during this period [39] . The approximate location of the burial is known and confirmed by official documents [39] and oral testimonies [40] , however, the internal structure and limits of the mass grave are, at present, uncertain. After the necessary permissions were obtained [41, 42] , it was suggested that a near-surface geophysical investigation, using multiple techniques-Electrical Resistivity Tomography (ERT) and Ground-penetrating Radar (GPR)-may be able to: a) Detect or delineate the boundaries of the reported mass grave. b) Improve the knowledge of its internal structure.
Therefore, the aims of this paper are to: firstly, detail the near-surface geophysical results acquired at the study site, secondly, to improve the understanding of the geometry and, if possible, the inner structure of the mass grave; and thirdly, to compare results to other mass burial grave studies.
Materials and methods

A C C E P T E D M A N U S C R I P T
Site and survey description
The Cementerio de El Salvador is located approximately 1 km SE of Oviedo, in the Province of Asturias, Northern Spain. The cemetery was divided in two -catholic and civil (non-catholic)-zones.
The burial was located in the civil part, with a 3 m high wall built to separate the mass grave from the main cemetery. The area has suffered significant modifications since the 1940s: the high wall was removed in the 1970s due to family sensitivities, a perimeter stone paved road was built in 1967, and a central monument erected in 1986 in the known mass grave area. Plaques, listing the names of the victims, were installed in 2001 ( Fig. 2) [39] . The existence of a mass grave on the site is well known both by official documentation and by the oral testimony of witnesses. However, the exact dimensions of the pit may not coincide with the current delimitation on the surface, because the works of such delimitation were executed 15 years after the closure of the pit (and 30 years after the beginning of the burials). This may mean that, in reality, the pit extends into the adjoining area, up to the old position of the separation wall with the Catholic cemetery (towards the NE). On the other hand, the possibility of a greater extension towards the NW and the SW is discarded due to the presence of the delimitation walls (older than the beginning of the pit), and to the SE by the presence of the access road and the civil cemetery (19th century). For this paper, the site is split into two areas of interest; (i) the accepted mass grave area (21 m x 13 m); (ii) and a potential differentiated second area where a mass burial could also be (23 m x 6 m) (see Fig. 2 ).
The bedrock geology consists of Upper Cretaceous siliciclastic materials of the La Argañosa formation [43] . The unit is mainly composed of sandy and clay horizons, with some gravels and conglomerates of low geomechanical quality but good hydrogeological properties [44] . Soft soils and rocks of the La Argañosa formation are easy to dig but have led to geotechnical problems (e.g. slope stability) in several engineering works in the city [45] . The site presents a smooth slope (about 2.5˚) to the SSE.
Geophysical data were collected between March 2013 to May 2014 ( Fig. 2 
typically ranging from 11 °C to 17 °C and monthly precipitation values ranging from 57 mm to 100 mm [46] .
ERT collection and processing
The AGI SuperSting™ R8 IP system [47] was used to acquire a total of 14 profiles and a threedimensional display in the known mass grave area ( Once the ERT data profiles were collected, they were downloaded and imported into AGI EarthImager™ 2D v.2 [48] and EarthImager™ 3D v.2 software [49] for the 2D profiles and 3D dataset respectively; and MATLAB® v.8.6 [50] . Isolated anomalous data points were removed before inversion (<5% RMS error) of apparent resistivity data to obtain "true" resistivity distributions following standard procedures [51] .
GPR data acquisition and processing
In March 2014, a GPR MALÅ™ ProEx System [52] was used to collect 250 MHz and 500 MHz a grid of 2D profiles over the survey sites at 1 m survey line intervals, considered to provide resolution enough
to detect the expected burial trenches of around 2 m wide. In the mass grave area ( Fig. 4) 12 longitudinal profiles (19 m long) and 22 transversal profiles (11 m long) were collected. In addition, 7
longitudinal profiles (22 m long) and 24 transversal profiles (5.5 m long) were also acquired in the potential mass grave (Fig. 4 ). Onsite surface obstacles (e.g. the monument, plaque and trees) prevented full 3D datasets from being collected. Radar traces were at 2 cm with automatic stacks to improve signal-to-noise ratio and time windows of 200 ns and 100 ns, for 250 MHz and 500 MHz, respectively. Standard surveying methods were employed to ensure sample positioning accuracy [53] .
Once 2D GPR profiles were acquired, they were downloaded and imported into REFLEX-Win™ v.6.1 processing software [54] and MATLAB® v.8.6 [50] . Processing steps were then applied to filter out 
Results
ERT results
All ERT 2D profiles supported a consistent three layer model of the study site over both the mass and potential grave areas ( Fig. 4) : (1) In contrast to the longitudinal ERT profiles, the transverse ERT profiles imaged two separate, relatively low isolated resistivity lows in the middle layer, that are interpreted to be separate mass grave trench areas ( Fig. 5 bottom) . The 3D ERT inversion of the dataset shows these two separate areas more clearly with the monument in the centre (Fig. 6 ). Interestingly, collecting data over different periods of the year allows some further deductions of the targets to be given. For example, the middle conductive layer observed in all profiles shows the largest difference in wet and dry times, whereas the bottom layer beneath the mass grave is consistently more resistive in all surveys (cf. Fig. 7 ). There also appears to have some connection between layers, with some preferential water flow to the WSW which only saturates the ENE area of the site in rainy conditions.
Two differences can be remarked between mass grave and potential mass grave areas: (1) the stronger resistivity of the deepest layer (see Fig. 5 ), and (2) the difference in the middle layer between wet and dry conditions (see Fig. 7 ). The last effect can be clearly seen in Fig. 8 . The difference between both areas suggests the possibility that the intermediate layer, which only appears seasonally on the outside, is not due to the presence of burials. In this way, the current surficial delimitation of the mass grave would be correct.
GPR results
In all 2D GPR profiles, the top 1 m layer (corresponding to the ERT interpreted top layer) was heterogeneous, with numerous small isolated objects present. There is then a sharp horizontal boundary to material below which significantly attenuates the radar signal in both the 500 MHz and the 250 MHz datasets ( Fig. 9 and Fig. 10 ). This suggests that the material is conductive, which correlates with the ERT data in L2. As the signal attenuated rapidly, the deeper layer is not observable within the radar data. More near-surface isolated objects are present in the potential mass grave area that have been interpreted to be debris, tree roots, small pipes, etc. (cf. Fig. 9 and Fig. 10 ). It has to be mentioned that the high resistivity anomaly observed in Fig. 5 is also present at approximately 4 to 6 metres along the radar profile in Fig. 10 . This has also been attributed to a thick tree root mass.
Discussion
In response to the first study aim to detail the geophysical results, this study has successfully used non-invasive, multi-geophysical methods to investigate a mass grave burial site. ERT datasets have allowed the detection of the known mass burial area. Mass grave geometries are known to be highly varied, taking the forms of a trench, pit, well organized or sectioned and with variable body densities (see [55] [56] [57] ). This study shows there is internal structure inside the known mass grave, in the form
of two longitudinal trenches, separated by a portion of unaltered terrain (Fig. 11 ). This interpretation would be consistent with some known documents where the extension of the mass grave is asked for permission in year 1939 [39] and testimonies that speak of an organized grave [40] . Fig. 11 shows a schematic representation of this type of burial with bodies stacked head over head, although testimonies [40] also suggested stacking head to feet. Geophysics, however, lacks the resolution necessary to provide information about this organization of bodies, and only can be utilized to [39] . GPR data signal appears to attenuate once it comes into contact with the mass burial at depth, which may be due to the conductive middle layer of the site. Mid-range frequency GPR has also allowed some confirmation of isolated anomalies, although these were also imaging very near surface, non-target anomalies. Table 1 summarizes the results of both prospecting techniques in the two areas.
In response to the third study aim to compare results to other mass burial grave studies, there are few published studies on both the detection and characterisation of mass graves as [17] documents.
2D ERT profiles were used for a successful mass grave search, located in wooded hilly terrain in Bosnia, Eastern Europe [13] . [58] used low-frequency GPR profiles to both locate and characterise modern animal mass burial sites in the Republic of Ireland in a peatland soil environment, and [17] A C C E P T E D M A N U S C R I P T used low-frequency 2D GPR profiles to successfully search for a Spanish Civil War mass grave in mountainous terrain, as an outcome of this study. Finally [7] used a combination of geomorphological and GPR techniques to locate and characterise a 19th Century Irish human mass burial.
Conclusions
This forensic study on a known mass grave from the Spanish Civil War has been successfully undertaken, showing the importance of a careful desk study, and followed by a phased geophysical site investigation approach. Further work would preferably include a sensitive intrusive archaeological investigation, exhumation and re-burial of identified individuals. However, this is not planned for the foreseeable future due to the cultural and ethical sensitivities of this particular site.
As a result of this study, a subsequent search for a Spanish Civil War mass burial in mountainous terrain in Asturias was successfully undertaken, using a combination of witness statements and midrange GPR frequency 2D profiles [17] .
Role of the funding source
There was no involvement of any funding sources with this project. Note an increased number of hyperbolas with respect to Fig. 9 . Table 1 Comparison of the results of both techniques in the known and potential mass grave areas. 
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